Ionic Liquids are salts that are liquid at (or just above) room temperature. They possess several advantageous properties (e.g. high intrinsic conductivity, wide electrochemical windows, low volatility, high thermal stability and good solvating ability), which make them ideal as non-volatile electrolytes in electrochemical sensors. This mini-review article describes the recent uses of ionic liquids in electrochemical sensing applications (covering the last 3 years) in the context of voltammetric sensing at solid/liquid, liquid/liquid interfaces and carbon paste electrodes, as well as their use in gas sensing, ion-selective electrodes, and for detecting biological molecules, explosives and chemical warfare agents. A comment on the future direction and challenges in this field is also presented.
Introduction
Room Temperature Ionic Liquids (RTILs) are an exciting class of solvent, receiving much attention in recent years as a replacement for conventional solvents in a wide range of applications. Ionic liquids (ILs) are defined as salts that melt below 100 o C; 1 and room temperature ionic liquids (RTILs), as their name suggests, exist in the liquid state at room temperature (25 o C). They are typically comprised of a bulky organic cation (e.g. imidazolium, tetraalkylammonium or pyrrolidinium) paired with an inorganic/organic anion (e.g. tetrafluoroborate, hexafluorophosphate, bis(triflurormethylsulfonyl)imide). The structures of some commonly used cations and anions are shown in Figure 1 , along with the nomenclature used throughout this article. §
1-3
RTILs possess several archetypal properties such as low-volatility, high physical and chemical stability, wide electrochemical windows, intrinsic conductivity, wide liquid range, high polarity and the ability to dissolve a wide range of compounds. 1, 2 In addition to the use of RTILs in applications such as catalysis, 'green' chemistry, 4, 5 organic reactivity, 6, 7 analytical methods, 8, 9 biocatalysis and enzymes 10, 11 and applications in the chemical industry, 12 they have also become recognised as ideal alternative electrolytes for use in many electrochemical devices, such as actuators, 13 capacitors, [14] [15] [16] batteries, 17 fuel cells, 18 solar cells 19 and sensors. 20 It is the latter application that is the focus of this review.
There are three main types of electrochemical sensors based on either the measurement of a redox current (amperometric), the development of a potential (potentiometric) or a change in resistance (conductometric). Amperometric sensors typically consist of two or three electrodes connected through an electrolyte medium. The analyte species diffuses through the electrolyte to be detected at the working electrode surface. Potentiometric sensors (e.g. ion selective electrodes)
usually consist of a membrane that contains ion exchangers, lipophilic salts and plasticizers, and the trans-membrane potential gives the activity of the analyte ion in solution. RTILs have the ability to replace conventional electrolyte systems in amperometric/potentiometric sensors and this is § It is noted here that a general recommendation for the nomenclature of ionic liquids does not currently exist, but the naming conventions adopted correspond to those most commonly used in the articles referenced in this review.
becoming the topic of many laboratory investigations, although this research is still in the early stage and RTIL based sensors are yet to be commercialized. Before the widespread use of RTILbased sensors can occur, the electrochemical behaviour of analytes in RTILs, together with sensitivity (detection limits) and selectivity in RTILs, needs to be fully understood. The focus of this review is to describe some recent developments using RTILs in electrochemical sensing applications. For the background and properties of electrochemistry in RTILs, interested readers are directed to several excellent review papers that cover these topics in detail. [21] [22] [23] [24] This review paper follows on from two reviews (by Wei and Ivaska 25 and Shvedene et al. 26 ) that were published around the same time in 2008 and a biosensor-focussed review (by Shiddiky and Torriero 27 ) published in early 2011. This overview will therefore describe only recent works in the last 3 years (excluding biosensors, here taken to be sensors that incorporate a biological recognition process), from mid 2008-mid 2011. The focus will be first on voltammetric sensing at solid|IL and liquid|IL interfaces, and at carbon paste electrodes, followed by the use of RTILs in gas sensors, ion-selective electrodes (ISEs) and for the detection of biological molecules, explosives and chemical warfare agents. This will show that ionic liquids have many advantageous properties that can be exploited in sensor devices for selective analyte detection.
Applications of Ionic Liquids in Electrochemical Sensing

Voltammetric Sensing
Voltammetry is a powerful suite of tools used by electrochemists to monitor concentrations and diffusion coefficients of species in solution and to understand their behaviour and electrochemical reaction mechanisms. The technique can be applied to any species than can undergo redox transitions on solid electrodes, or any ion that can be transferred across interfaces (in the case of liquid/liquid experiments). Voltammetry typically takes place with two-or three-electrodes that are connected through an electrolyte medium (e.g. water or organic solvents containing a background electrolyte). RTILs have been investigated as an alternative electrolyte medium over the past 10 years or so and have been shown to be very favourable media due to their intrinsic conductivity, wide electrochemical windows, low volatility and their ability to solvate a wide range of compounds. 28 Although there has been a lot of work focussed on understanding reaction mechanisms and kinetics and thermodynamics of electrochemical reactions in RTILs, 21, 28 the focus here will be only on the works that suggest the use of RTILs in electrochemical sensing applications. This topic will be split into three sections: sensing at solid/RTIL interfaces, sensing at liquid/RTIL interfaces and sensing using RTILs as a binder (e.g. in carbon paste electrodes). It is clear that RTILs have huge potential for use in robust voltammetric sensors.
Sensing at Solid/liquid interfaces
The electrochemical behaviour of various species at solid electrodes in ionic liquids is a very active area, with most studies focussing on understanding the reaction mechanisms and comparing behaviour to that in conventional electrolyte systems. On the whole, reactions and mechanisms have been found to be the same in ionic liquids and conventional solvents, however, some notable differences and anomalous behaviour have been observed in RTILs, which are highlighted in a comprehensive review article. 21 It is extremely important to understand any anomalous behaviour in RTILs before they can be employed as direct replacements for conventional molecular solvents (containing supporting electrolytes) in sensor devices. In the last few years, several authors have recognized the advantageous properties of RTILs as electrolytes for sensors. A few key recent advances in the area of voltammetric sensing at solid electrodes are highlighted below. The sensing of biological molecules, gases and explosive/chemical warfare agents at solid electrodes will be described in later sections of this review.
One example of the use of RTILs for voltammetric sensing is reported by Lu et al. 29 who used a task specific ionic liquid (TSIL, i.e. an RTIL that has a specific functional group) in combination with bismuth oxide (Bi 2 O 3 ) for the electrochemical detection of heavy metal oxides including cadmium oxide (CdO), copper oxide (CuO) and lead oxide (PbO) (see Figure 2) . 34 In collaboration with Mirkin, they recently reported kinetics of ion transfer at the ionic liquid/water nanointerface. 35 The interface was formed at the tip of a nanopipette (with radii from 10 to 150 nm) and the transfer of tetrabutylammonium from water to the hydrophobic RTIL [P 14, 6, 6, 6 ][C 4 C 4 N]
(structure shown in Figure 1 ) was reported. Although the authors did not specifically describe the application of their work in sensing, this could have implications in the field due to the use of very small (nano) interfaces that gives rise to lower ohmic drop (important in resistive media such as ionic liquids) and higher current density, which is highly beneficial for sensing applications.
Perhaps most importantly, the same group have also highlighted the ultra-slow relaxation of the electrical double layer in RTILs at millimeter 36 (but not nanometer) 35 sized interfaces, which may lead to self-inhibition of the charge transfer step across the RTIL-water boundary, limiting the performance of a sensor that relates charge transfer to analyte concentration. More research is required in this area to understand the impact of the ultraslow relaxation on sensor responses and behaviour.
Other researchers have also contributed to this area. interface, but it was limited to ions that transfer at potentials less negative that the RTIL anion (e.g.
[FAP] -) transfers to water. As a result, the synthesis of RTILs with (even more) extremely hydrophobic cations and anions (which are not yet available at present in the liquid form) is required in order to extend the potential windows to those similar to organic solvent/supporting electrolyte systems (e.g. 0.9 V). If this is possible, this should allow for the observation of species that have been detected at the positive potential limit in water/organic solvent systems e.g.
important biomolecules such as lysozyme and haemoglobin. 39 
Sensing at electrodes using ionic liquids as a binder
Recently, ionic liquids have been found to be efficient binders in the preparation of carbon composite/carbon paste electrodes (CPEs). They are prepared by mixing or grinding graphite particles with the ionic liquid, followed by the transfer of this mixture into a cavity of a polymer or glass tube. By substituting a non-conductive organic binder (e.g. oil) with ionic liquids, low cost and easy to fabricate electrodes have been produced, with the advantages of high conductivity and improved electrochemical performances compared to traditional oil-based electrodes. Figure 3 shows a sketch of the electrode reaction mechanisms at oil-based CPEs compared to ionic liquid carbon paste electrodes (ILCPEs). 33 Higher currents (both faradaic and capacitive) are often observed at ILCPEs compared to traditional CPEs, This is believed to be due to the larger electroactive area for electron transfer in the ILCPEs (represented as curved arrows on Figure 3) due to the conductive RTIL medium. In traditional oil-based CPEs, electron transfer can only take place at the carbon/aqueous electrolyte interface. Other reasons for the higher currents may also be: These three reports suggest that RTILs can be easily employed as a binder in carboncomposite electrodes, with good responses for analyte detection in synthetic and real-world samples. In particular, the higher currents at IL-CPEs compared to oil-CPEs has huge advantages for sensing applications. The ease of preparation and the low-cost of such sensing systems suggest that this could be a very active field for future sensing of species in the food/drink industry and for environmental monitoring of soil/water samples and more work in this area is expected.
Gas Sensing
RTILs have recently shown much promise as stable and non-volatile electrolytes in amperometric gas sensors. A typical amperometric gas sensor consists of three electrodes connected through an electrolyte, which is covered by a gas-permeable membrane. The gas passes through the membrane, diffuses through the electrolyte and is detected at the working electrode. conditions. The "lifetime" of a sensor is often determined by how quickly the electrolyte dries up and the solvent often has to be replaced every few days/weeks in the most extreme conditions.
RTILs possess negligible volatility and high chemical stability, making them ideal electrolyte media in robust gas sensors for potential application in more extreme operating conditions (e.g. up to 300 o C), with no possibility of solvent evaporation or degradation. This, combined with the intrinsic conductivity (no need for supporting electrolyte), wide potential windows (to investigate compounds that may have been inaccessible otherwise) and in some cases, increased gas solubility in RTILs, makes them ideal electrolyte media for gas detection. Recent advances in amperometric gas sensing using RTIL solvents is thoroughly reviewed by Rogers et al. 43 who describe the electrochemistry of various gases including oxygen, carbon dioxide, hydrogen, ammonia, hydrogen sulfide, sulfur dioxide and nitrogen dioxide in RTILs. The same group also suggested the possibility to use RTILs in membrane-free amperometric gas sensors, as depicted in Figure 4 . 20 The elimination of a membrane may allow for improved response time, since the analyte gas is in direct contact with the electrolyte and has only a single medium to diffuse through before detection at the working electrode surface. Some of the most recent advances using RTILs for gas sensing (amperometric and otherwise) are reviewed below. It is expected that more work will take place in this important area, particularly towards commercialization of highly robust amperometric gas sensors for use in extreme (high temperature and pressure) environments.
Elegant work was carried out by Compton and co-workers, 44 who proposed a membrane- and [C 6 mim]Cl). 47 The behaviour of the voltammetry at various scan rates was highly unusual, with limiting currents observed to decrease with increasing sweep rate. This intriguing observation was assigned to a mechanism of adsorption of chlorine gas on the Pt electrode surface. The adsorbed chlorine itself cannot be reduced, but must undergo desorption before the electron transfer step. At slower scan rates (longer timescales), there is more desorption resulting in more of the surface available for electron-transfer; this gives rise to higher currents at slower scan rates. The large voltammetric currents observed suggest that Cl 2 has a very high solubility (1-10 M) in RTILs, making these solvents attractive for the purposes of Cl 2 gas sensors. 47 The authors did not report the effect of varying concentrations of Cl 2 on the current response, but this seems like the next logical step especially given the unusual adsorption mechanism. If the current scales linearly with concentration, RTILs may prove to be a useful medium for robust Cl 2 gas sensing.
Other authors have also employed RTILs for amperometric gas sensing. 4 ] on a "lab-on-achip" sensor was proposed by Zevenbergen et al. 50 The sensor consisted of a 1mm diameter Au working electrode surrounded by a Pt ring-shaped quasi-reference electrode and a Pt rectangular counter electrode (see Figure 5 ). Cyclic voltammetry of ethylene in the RTIL revealed an oxidation peak before the onset of gold oxidation. Interestingly, the ethylene oxidation peak was only visible when water was present in the RTIL; no response was observed with humidity levels less than 20 %. As a result, the authors studied the dependence on humidity and observed larger responses when the humidity level was higher. A detection limit of 760 ppb and a linear response (current vs.
concentration) up to 10 ppm were achieved. This suggests that amperometric ethylene detection in RTILs is possible, however it is limited only to environments with sufficient humidity levels (more than 40 %), which limits the application of such a sensor in extremely dry environments.
These reports have shown that RTILs are highly favourable media for use in electrochemical gas sensors. In many cases, the RTIL is used directly in contact with a bare metal electrode (cf.
Clark cell) or combined with other materials (e.g. bimetallic membranes, graphene, polyaniline) for improved responses. The low volatility of RTILs is a particular advantage since the use of a membrane can be eliminated. It appears as though the most logical step forward in this area is to employ thin RTIL layers to overcome the slow diffusion often associated with viscous RTILs. This may result in decreased response times, on the order of minutes or seconds, which is ideal for most gas sensor device requirements. Additionally, to improve current density and to overcome iR/Ohmic drop common in resistive RTILs, small sized working electrodes (e.g. micro-or microarray) and eventually "lab-ob-a-chip" type systems are predicted to become widely used.
Ionic Liquids in ISEs
Ion Selective Electrodes (ISEs) have been developed over the last four decades as sensitive and inexpensive sensors to measure analytes of environmental and medical importance, and typically have a fast reversible response to the analyte of interest. ISEs produce a potential (EMF) that is proportional to the trans-membrane difference in activity of ions. Conventional ISEs employ four components in the membrane: (1) a skeleton e.g. PVC, (2) Figure 6 ) for the four chosen analyte ions, with good reproducibility and reversibility and a fast response time of <10 seconds. It is clear from these reports that RTILs have the ability to be used in membranes of ISEs.
However, the long-term stability of such sensors may be restricted by the leaching of IL ions from the membrane into the water phase. At present, the ILs available may not be sufficiently lipophilic to serve as suitable replacements for components in conventional ISEs (e.g. ion-exchangers in PVC membranes). Research in this field may be restricted until new highly lipophilic ILs are synthesized.
Sensing of Biological Molecules
RTILs have been shown to be ideal candidates as replacement electrolytes in biosensors due to their intrinsic conductivity, high stability and excellent biocompatibility. A recent review paper by The sensor showed low background current, high sensitivity, high stability and good reproducibility. They followed this with a study of the direct electrochemistry of NADH in two suggesting the possibility for the detection of these biologically important molecules.
A sensor for the simultaneous voltammetric detection of guanine and adenine was proposed by Xiao et al. 66 The electrode was prepared using multi walled carbon nanotubes (MWCNTs) with the RTIL [C 4 mim][PF 6 ] as a binder, followed by electrodeposition of gold nanoparticles from a HAuCl 4 solution onto the carbon-paste electrode. Anodic stripping voltammetry was observed for guanine and adenine at different potentials, and the peak potentials were sufficiently separated for simultaneous detection. Peak currents for both analytes were linearly proportional to concentration in the range 9×10 -7 M to 1.4×10 -4 M and detection limits down to nanomolar levels were achieved after an accumulation step of 150 seconds. The sensitivities were unchanged when the other species was present in the same sample. This sensor was applied for the detection of guanine and adenine in real-world samples (milk, plasma and urine).
As can be deduced from these reports, the ability to detect and monitor the concentrations of biological molecules is extremely important, particularly in medical and environmental samples (e.g. blood/urine/water). Understanding the behaviour of biological molecules in RTILs is an important step towards developing commercial sensors containing RTILs, whether they be with ('biosensor') or without a bio-recognition process, and more fundamental research is required in this important area.
Detection of Explosives and Chemical Warfare Agents
Although many of the new developments in this area can be covered by one of the previous headings (e.g. sensing at solid electrodes or gas sensing), it seemed appropriate to give this topic a separate section to highlight the importance of this area. With the increasing need for sensors for explosive materials at airports and security installations (which may be at risk from improvised explosive devices) the interest in developing electrochemical sensors for the detection of explosives is growing rapidly, and in the past few years, there have been several reports on the detection of Graphene, in conjunction with RTILs, has also been employed for highly selective sensing of explosive TNT by Guo et al. 70 The RTIL [C 4 mim][PF 6 ] was combined with three-dimensional graphene to make an ionic liquid-graphene paste electrode with a large surface area, low background current and pronounced mesoporosity. A linear relationship was observed between peak current (using absorptive stripping voltammetry) and concentration from 2 to 1000 ppb, with a low detection limit of 0. and concentration in the range 29 µM and 1.2 mM, with a detection limit of 15 µM. The levels at which this gas is toxic is much lower, but this study provides a basis for its detection and room for improvement. The authors suggest that RTILs are an alternative greener medium for the detection of toxic CWAs and this suggests that more work is needed in this important area.
These interesting works have shown that it is possible to selectively detect highly dangerous explosive and toxic species using an RTIL as an electrolyte and/or pre-concentration medium. In may cases, the RTIL has been combined with other materials (e.g. nanomaterials), or the electrochemical technique has been combined with a complementary technique. It seems that the high viscosity of RTILs compared to conventional solvent/electrolyte systems (resulting in slower mass transport, smaller diffusion coefficients and therefore lower currents) may prevent the detection of trace quantities of explosives that are required for a viable real-world sensor. However, perhaps one of their most useful applications could be as electrolytes in sensors that can be deployed directly after an explosion in an enclosed area where temperature could still be high and other electrolytes would volatilize. This would allow for the fast identification of "hot", "warm" and "cold" zones, allowing forensic personnel to determine areas that are safe to enter for postexplosion analysis.
Conclusions and Future Prospectives
This article has described the recent developments (over the last 3 years) in the use of ionic liquids for electrochemical sensing applications. Their use in voltammetric sensing at solid/liquid and liquid/liquid interfaces, use as a binder in carbon paste electrodes, in gas sensing, ISEs, and for detecting biological molecules, explosives and CWAs has been discussed. The large amount of interest in applying ILs in electrochemical sensors is likely due to the highly robust and non-volatile ("green") nature of ionic liquids, which means they can be applied in a range of harsh environments without the issues of solvent evaporation that occurs with conventional solvents. Some possible future directions for each type of sensing technique/area have been discussed throughout this article and include the wider implementation of TSILs for tuning reactivity in voltammetric sensing, the requirement for extremely hydrophobic RTILs to: (1) extend the available potential windows for sensing at liquid/liquid interfaces and (2) be used in ISEs without the issue of leakage into the aqueous phase. For gas sensors, the expected future direction is in the use of very thin layers (to provide faster response times) and using very small (e.g. micron-sized) working electrodes (for higher current densities and reduced iR drop). For electrochemical explosives sensing, it appears that RTILs have to be combined with either (1) nanomaterials or (2) complementary techniques, since electrochemical sensing in RTILs alone does not seem to be sensitive enough to detect the low/trace concentrations required. However, some significant discoveries in this field are expected due to the increasing need for portable explosive sensors in a wide range of environments. RTILs have shown the most amount of promise when used as a binder in conjunction with carbon nanomaterials due to the ease of preparation, higher currents (compared to oil-CPEs), high sensitivity, good reproducibility, low cost and long-term stability. As a result, there is much more work expected in this area in the near future.
Based on the work reviewed here, it appears that there are currently a number of challenges associated with employing RTILs as replacement electrolytes in electrochemical sensors. Firstly, any practical implementation of a sensor (particularly amperometric) requires careful control of the potential vs. a stable reference electrode. This is an ongoing problem that is still yet to be answered in ionic liquids 73 and more work is needed on this topic; there has been a full discussion on this topic in a book chapter by Silvester et al. 74 Another issue is the intrinsic impurities present in RTILs, such as unreacted starting material (e.g. chloride), water and dissolved gases (e.g. oxygen), all of which can interfere with the electrochemical response of the analyte. However, most RTILs that are now commercially available contain many fewer impurities than when they were first available, since there is now a better understanding of the synthetic methods to produce RTILs on a bulk scale, resulting in impurity levels that are very low. Humidity monitors may also need to be employed to account for the varying water contents in the RTILs in a range of real environments, which have been shown to affect the viscosity and the electrochemical response. 23 The third issue is the high viscosity of RTILs, which may prove be a particular challenge in voltammetric and gas sensing, giving slower current responses and poorer detection limits compared to conventional solvent/electrolyte systems. The slow response time can be overcome by using thinner RTIL layers and the poorer detection limits may mean that RTILs may only be useful for higher (ppm to %) concentrations of gases as opposed to trace (ppb) levels. However, due to their very low volatility RTIL-based gas sensors have the ability to be used in environments currently unavailable to conventional sensor devices where gas detection is required (e.g. "downhole" in the oil and gas industry and in high temperature environments such as mining sites and post-explosion sites). The other main challenge associated with RTIL-based sensors is the selectivity towards one particular analyte species in the presence of a complex mixture. However, this is a challenge common to all conventional sensing devices, not just those containing RTILs.
Despite these challenges, clearly the tuneability of RTILs and their ability to be easily combined with other materials makes them ideal candidates as electrolytes in a range of electrochemical devices. Although this field is still in the development stage, it is envisioned that in the next decade we will see some significant advances towards commercialization of RTIL-based electrochemical sensing systems, particularly when using RTILs as a binder and in the field of amperometric gas sensing. Reprinted with permission from Zevenbergen et al. 50 Copyright 2011, American
Chemical Society. circle=thiocyanate; square=iodide). 54 Copyright American Chemical Society.
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